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Stable tissue-simulating phantoms with
various water and lipid contents for diffuse
optical spectroscopy
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Abstract: We introduced a method for producing solid phantoms with various water-to-lipid
ratios that can simulate the absorption, and to some extent the scattering characteristics of
human breast tissue. We also achieved phantom stability for a minimum of one month by
solidifying the emulsion phantoms. The characteristics of the phantoms were evaluated using
the six-wavelength time-domain diffuse optical spectroscopy (TD-DOS) system we
developed to measure water and lipid contents and hemoglobin concentration. The TD-DOS
measurements were validated with a magnetic resonance imaging system.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Near-infrared spectroscopy (NIRS) in the range of 650-1000 nm is used widely to non-
invasively acquire light absorption information of hemoglobin, water, and lipids in various
human tissues. Water and lipid contents are necessary to measure the properties of breast
tissue [1-8]. Several studies have evaluated the use of NIRS to monitor tumor response to
neoadjuvant chemotherapy (NAC) for breast cancer. In this application, it is important to
measure water and lipid content and hemoglobin concentration accurately. These parameters
depend on the presence or absence of tumors [9] and breast density [10], and reflect
angiogenic activity, inflammatory response, and edema volume. Therefore, they may become
a prognostic biomarker in NAC [11-13].

Tissue simulating phantoms such as Intralipid-based aqueous phantoms [14,15] and resin-
based hard phantoms are commonly used to evaluate the performance of NIRS systems [16].
A phantom with water and lipid content that can be controlled is also necessary to assess the
ability of a NIRS system to measure these contents. Previous studies have proposed phantoms
with various water and lipid contents [17-20]. Merritt et al. [17] reported on an emulsion
phantom made using Triton X-100 as the emulsifier. The results showed good correlation
between diffuse optical spectroscopic imaging (DOSI) and magnetic resonance imaging
(MRI). The reduced scattering coefficients of their phantoms were not mentioned in Merritt et
al. [17]; however, Quarto et al. [18] constructed a phantom following the same procedures
and reported reduced scattering coefficients. The reduced scattering coefficients of human
breast tissue, measured with the subject in a supine position, range from about 5-15 cm™ [21].
The reduced scattering coefficient of the phantom that Quarto et al. [18] reported had higher
values than that of the human breast tissue it was compared to. Nachabé [19] analyzed water
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and lipid contents at longer wavelengths (900—1600 nm) by using diffuse optical spectroscopy
(DOS) and also found a reduced scattering coefficient higher than the reported value. The
emulsifier Triton X-100 was used in all these studies; however, it has been designated a
hazardous substance by the Globally Harmonized System (GHS) of Classification and
Labelling of Chemicals. Michaelsen et al. [20] used guar gum to mix water and lard without
any emulsifier and the scattering properties of the phantom were close to human breast tissue.
They also created anthropomorphic phantoms mimicking the complex tissue geometry of a
breast with a tumor. However, their phantoms were tested for durability for only two weeks.
The phantoms with high lipid ratios required remixing after solidification to achieve
homogeneity; thicker and larger phantoms also had to be remixed for the same reason.

In this study, we constructed water/lipid phantoms with reduced scattering coefficients in
the range reported for human breast tissue, created with harmless substances, and hardly
demulsified. The measurement results of an MRI, defined as a “gold standard” technique by
Merritt et al. [17], were employed to evaluate the phantoms. MR images enable us to confirm
the internal uniformity of the constructed phantoms while measuring water and lipid content.
In this paper, we present the MRI results that confirm that our phantoms were created with
the desired ratios and present the results of measuring the same phantoms using our six-
wavelength time-domain diffuse optical spectroscopy (TD-DOS) system. We also
investigated the long-term stability of the phantoms using our TD-DOS system.

2. Materials and methods
2.1 Six-wavelength time-domain diffuse optical spectroscopy (TD-DOS) system
2.1.1 Instrumentation

The six-wavelength TD-DOS system (TRS-21-6W) was constructed based on a three-
wavelength system we had previously developed (TRS-20, Hamamatsu Photonics K.K.) to
measure hemoglobin concentrations in human muscle, brain, and breast tissue [21-25]. That
system, the TRS-20, is a dual-channel TD-DOS system that uses three wavelengths in the 750
nm to 850 nm range. The TRS-21-6W was built by replacing one of the two channels of TRS-
20 with a light source and photodetector unit designed to measure three wavelengths in the
900 nm to 1000 nm range. This was done to enable measurement of six wavelengths in the
750 nm to 1000 nm range and quantify hemoglobin concentration, and water and lipid
content.

The TRS-21-6W consists of two light source units, two photodetector units, a single
photon counting (SPC) circuit, and optical fiber bundles (Fig. 1). The light source units
(custom-designed, Hamamatsu Photonics K.K.) are composed of three laser diodes per unit
(762 nm, 802 nm, and 838 nm for unit 1; 908 nm, 936 nm, and 976 nm for unit 2). Each laser
diode emits a pulse 100 ps to 200 ps wide (full width at half maximum) at a repetition rate of
5 MHz. A specimen was irradiated with the pulsed laser through a source optical fiber bundle
1 mm in diameter with a numerical aperture (NA) of 0.29 (Sumita Optical Glass, Inc). The
light that propagated through the specimen was collected by a detection fiber bundle 3 mm in
diameter and with an NA of 0.29 (Sumita Optical Glass, Inc) and guided to two photodetector
units containing different photomultiplier tubes (GaAs and InGaAs PMT, Hamamatsu
Photonics K.K.). A variable optical attenuator (VOA; custom-designed, Hamamatsu
Photonics K.K.) with an attenuation range of 0 dB to 45 dB was used to reduce the power
level of the detected light. The VOA designed for the TRS-21-6W has 81 attenuation steps;
this enables the system to carry out a measurement at a more appropriate attenuation level
compared to the 9-step VOA used in the TRS-20. The detected light was converted into an
electrical signal by the photodetector units and processed with a custom-designed SPC circuit
consisting of a constant fraction discriminator (CFD), time-to-amplitude converter (TAC), an
analog-to-digital (A/D) converter, and a histogram memory. The processed signal was
acquired as a temporal profile of the detected light. To measure the optical properties more
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accurately by reducing the influence of the NA of the detection fiber bundle, we placed a thin
diffuser slab in front of the detection optical fiber during the instrument response function
(IRF) measurements [26]. Figure 2 shows the IRF at all wavelengths. The specifications of
the TRS-21-6W are listed in Table 1.
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Fig. 1. TRS-21-6W: (a) appearance and (b) block diagram.
(a) (b)
762nm 802nm 838nm 5 S08nm 936nm 876nm
10° 10
104 10*
£10° £10°
3 =
S 10 S 102
10t 10t
10° + + 10° |
00 100 10 0 100 100 10
Time [ns] Time [ns] Time [ns] Time [ns] Time [ns] Time [ns]
Fig. 2. IRF at all wavelengths: (a) unit 1 and (b) unit 2.
Table 1. Specifications of TRS-21-6W.
Component Features Unit 1 Unit 2
Wavelengths 762,802, 838 [nm] 908,936, 976 [nm]
Spectral width at each wavelength (FWHM) <3[nm] <4 [nm]
Light source Pulse width at each ?vavelength (FWHM) <100 ps <200 [ps]
Output power at optical fiber end for each <100 [pW] <400 [uW]
wavelength
Pulse repetition rate 5 [MHz]
Photocathode GaAs InGaAs
PMT Quantum efficiency 12%(at 800nm) 1% (at 900nm)
Transit time spread (FWHM) <400 [ps]
Dead time 400 [ns]
A/D Converter 13 [bit] (SAR ADC)
L. Histogram memory 16 [bit] x 8192 x 2
SPC Circuit . . L .
Differential Non-Linearity (DNL) <0.015 [LSB] (typical)
Integral Non-Linearity (INL) <0.15 [LSB] (typical)
Time bin width 10 [ps]

Others Dimensions 430(W) x 465(D) x 170(H)ymm
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2.1.2 Measurement

We measured a liquid phantom to evaluate the basic performance of the system and
water/lipid solid phantoms to check their optical properties and long-term stability. The TD-
DOS system is able to quantify the optical properties of a specimen by analyzing the temporal
profiles measured in reflectance and transmittance geometry. In this study, the reflectance
geometry measurements were carried out with a source-detector separation of 20 mm and an
acquisition time of 5 s to 8 s.

2.1.3 Data analysis

The TD-DOS system provides absorption (£,) and reduced scattering ( £ ) coefficients in a
scattering medium such as biological tissue by analyzing the measured temporal profiles
based on photon diffusion theory. The behavior of photons in a homogeneous scattering
medium is expressed by the photon diffusion equation [27]:

N

where ¢(r,t) is the diffuse photon fluence rate at position r and time ¢, D = 1/ (3(;“” +u ))
is the photon diffusion coefficient, ¢ is the speed of light in the medium, and S (r,t) is a
source term.

The TD-DOS system uses the analytical solutions of the photon diffusion equation
obtained with several types of boundary conditions to analyze the temporal profiles measured
in reflectance and transmittance geometries. In this subsection, we mention only the diffuse
reflectance because all phantoms were measured in reflectance geometry. The diffuse
reflectance R(d,t) derived from the solution of Eq. (1) for a semi-infinite homogeneous
model with extrapolated boundary condition is expressed as follows:

R(dJ)z%(4ﬂDcfmt4ﬁemﬂ—Mp0

2 2 27 ) d> 2)
|z, exp(—zo +d ]+(zo+226)exp{_MJ ,

4Dct 4Dct

where d is the source-detector separation on the planar surface, z, =1/ (/1« + U ) is the
transport mean free path and z, =2D(1+7,) / (1—r;) is the linear extrapolation distance [28].
r; is the internal reflectance due to a refractive index mismatch at the boundary, which is
calculated from an approximate expression (7, =—1.440n7+0.710n"" +0.668+0.0636n)
that depends on the refractive index of the medium (n=n,,,/n_) [28]. Based on Eq. (2),
an estimated temporal profile was obtained by calculating the convolution of the IRF with
R(d ,t) for each considered (ﬂa,,u;) pair to take into account the effect of the IRF [29, 30].
4, and £ of the medium were then determined by fitting the estimated profile to the
measured profile with a non-linear least squares method based on the Levenberg-Marquardt
algorithm.

The absorption coefficient obtained for each wavelength A is expressed with the
following linear combination:

xﬂ@=iaﬂﬂ, 3

where m is the number of considered tissue chromophores, C; is the concentration, and
g,(A) is the extinction coefficient of the i-th chromophore. If the extinction coefficients of
all contributing chromophores can be measured with a spectrophotometer, their
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concentrations can be determined by solving the system of linear equations of Eq. (3). The
major chromophores in biological tissue at near-infrared wavelengths are deoxy-hemoglobin,
oxy-hemoglobin, water, and lipid. The purpose of this study is to establish the preparation
procedures of the water/lipid phantoms and to evaluate their characteristics. In order to
achieve our aim, any absorption agent (e.g. ink, blood, etc.) was not added to the phantoms.
Therefore, the investigated phantoms contained only water and lipid, as well as emulsifier and
solidifying agent. The absorption spectrum of lecithin used as emulsifier (see Section 2.3)
was measured with a spectrophotometer (U-3500, Hitachi High-Technologies Corporation,
Tokyo, Japan) and its absorption coefficient was very small in the wavelength range of 700-
1000 nm. In addition, the proportion of coagulant in the phantom was very low. For the
reason above, we assumed that the absorption of the emulsifier and solidifying agent is
negligible, so that only water and lipid need to be considered in the data analysis. The water
absorption spectrum was also measured with the spectrophotometer. The lipid absorption
spectrum that we used was reported in the literature [31]. The absorption spectra of water and
lipid are shown in Fig. 3.
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Fig. 3. Absorption spectra of water and lipid.
2.1.4 Evaluating the performance of the six-wavelength TD-DOS system

The basic performance of the TD-DOS system was evaluated by measuring a liquid phantom
series made from a mixture of lipid emulsion (50 mL Intralipos Injection 20%; Otsuka
Pharmaceutical Co., Ltd.), heavy water (950 mL D,0; Merck Millipore Chemicals), and
different amounts of carbon ink (Kiwa-Guro, Sailor Pen Co., Ltd.). The amount of carbon ink
in the basic 1% Intralipos phantom emulsion was gradually increased from 0 mL in 0.2 mL
(0.02%) steps to confirm the accuracy of 4, and the dynamic range of the TD-DOS system.

To prepare the basic phantom emulsion, D,O was used instead of H,O, because it provided a
very low base value of 4, in the near-infrared region (650-1000 nm) [33]. Therefore, by
varying the amount of carbon ink in the phantom, the x, values of the liquid phantom series
could be adjusted over the relevant dynamic range (0 to 0.3 cm™ for human breast tissue in
the near-infrared range [1,32]). Due to the high absorption coefficient of H,O in the near-
infrared range, this would not have been possible when using H,O instead of D,0 to prepare
the basic phantom emulsion. For example, the g, value of pure H,O without carbon ink is

already 0.5 cm™ at 976 nm, the peak position in its absorption spectrum (see Fig. 3).
2.2 MRI
Data acquisition was performed with a 3.0T MR unit (Discovery 750w, GE Healthcare,

Waukesha, WI). The proton density fat fraction (PDFF) [34,35] pulse sequence used for this
study was the commercially available sequence provided by the manufacturer of the MR unit
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(IDEAL 1Q, GE Healthcare). The pulse sequence is the multipoint Dixon technique that uses
a low flip angle to limit T1 bias, acquires six echoes to correct for T2* effects, and uses a
multipeak fat model. The parameters of this sequence were as follows: repetition time, 7.3
ms; shortest echo time, 3 ms; field of view, 40 x 40 cm; matrix, 160 x 160; bandwidth, 111.1
kHz; flip angle, 4°; section thickness, 7 mm; and a single dimensional image with 36 sections.
The images were processed using the software provided by the manufacturer (IDEAL 1Q, GE
Healthcare) to instantaneously create water, fat, R2*, and fat fraction maps. The data were
acquired twice and two additional measurements were performed after rearranging the
phantoms in the reverse direction. The fat fraction of the phantoms was measured with a
medical imaging system (SYNAPSE version 4.1, Fujifilm Medical, Tokyo, Japan). The water
fraction was quantified by subtracting the fat fraction from 100%.

2.3 Procedure to make the water/lipid phantom

The solid tissue phantoms were solidified emulsions containing distilled water and either a
combination of soybean oil (Riken Nosan-Kako Co. Ltd.) and soybean lecithin (FUJIFILM
Wako Pure Chemical Corporation) or (in one case) Intralipos containing, among others,
soybean oil and egg lecithin. A coagulant (agar or an oil-solidifying agent) was added for
solidification to achieve long-term stability. The employed oil-solidifying agent is made from
castor oil, available in powder form at room temperature, and commonly used to solidify
cooking oil for easier disposal in Japan. We devised three procedures to make a solid
phantom with various water-to-lipid ratios and reduced scattering coefficients in the range of
human breast tissue. A set of six phantoms was made for the evaluation with water-to-lipid
ratios (by volume) of 99:1, 80:20, 60:40, 40:60, 20:80, and 5:95.

The three emulsions with water-to-lipid ratios of 99:1, 80:20 and 60:40 were prepared as
oil-in-water (O/W) emulsions and solidified with agar. The three emulsions with water-to-
lipid ratios of 40:60, 20:80 and 5:95 were prepared as water-in-oil (W/O) emulsions and
solidified with oil-solidifying agent. The container size was 151 mm x 151 mm x 90 mm, and
the amount of emulsion was 1 L for each phantom.

The water and lipid contents of each phantom were measured with the six-wavelength
TD-DOS system and MRI to compare the results to the theoretical values. A TD-DOS system
probe was positioned at the center of the planar phantom surface. For the fat fraction maps
obtained by MRI, a 2 cm x 5 cm rectangular region of interest (ROI) was placed just below
the surface at the horizontal center of the phantoms. A mean value of four measurements was
obtained for each phantom.

2.3.1 Water/lipid phantom with a water-to-lipid ratio of 99:1

The water was heated to boiling and agar equal to 5% of the water mass was added. After the
agar dissolved completely, the mixture was filtered through a fine-mesh net to remove agar
fragments and was allowed to cool to 60°C. In a separate container, the agar mixture (950
mL) and Intralipos 20% (50 mL) were mixed to create 1 L of emulsion of 1% Intralipos. The
emulsion was poured into the container, which was then placed in an ice water bath, and
stirred slowly with a glass rod. The container was stored in a refrigerator until the emulsion
had set.

2.3.2 Water/lipid phantoms with water-to-lipid ratios of 80:20 and 60:40

In a container, lecithin (1 wt% of soybean oil) was added to soybean oil and heated at 60°C in
a constant temperature water bath. In a separate container, water was heated to boiling and
agar equal to 5% of the water mass was added. After the agar dissolved completely, the agar
mixture was filtered through a fine-mesh net to remove agar fragments and was allowed to
cool to 60°C.

For the water-to-lipid ratio of 80:20, the oil mixture (200 mL) was added to the agar
mixture (800 mL) and blended together by a handheld blender until emulsified. For the water-
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to-lipid ratio of 60:40, the oil mixture (400 mL) was added to 50% of the total water mass
(300 mL) and blended together by a handheld blender until emulsified. Subsequently, the agar
mixture (300 mL) was gradually added to the emulsion while stirring continuously with a
glass rod. The emulsion was poured into the container, which was then placed in an ice water
bath, and stirred slowly with a glass rod. The container was stored in a refrigerator until the
emulsion had set.

2.3.3 Water/lipid phantoms with water-to-lipid ratios of 40:60, 20:80 and 5:95

Lecithin (1 wt% of soybean oil) and finely crushed oil-solidifying agent (15 g, 22.5 g,0or30 g
depending on the water-to-lipid ratio) were added to soybean oil (550 mL, 800 mL, or 950
mL) in a container. The water was gradually added to the oil mixture up to the desired water-
to-lipid ratio while mixing by a handheld blender. The resulting mixture was heated to 85°C
in a constant temperature water bath while stirring continuously with a glass rod. After the
oil-solidifying agent dissolved, the mixture was filtered through a fine-mesh net to remove
oil-solidifying agent fragments. The emulsion was poured into the container, which was then
placed in an ice water bath, and stirred slowly with a glass rod. The container was stored in a
refrigerator until the emulsion had set. In addition to the water-in-oil (W/O) preparation
procedure described here, an alternative oil-in-water (O/W) preparation procedure was
investigated in case of the 40:60 emulsion. Results are discussed in Section 5.

3. Results

3.1 Evaluation of the performance of the six-wavelength TD-DOS system using a
liquid phantom series

Figure 4 shows £, and £ of the liquid phantoms obtained at each wavelength using the TD-
DOS system. 4,, which is a key factor to measure the accuracy of water and lipid content,
showed a good linearity and, in particular for wavelength up to 838 nm, also a good absolute
consistency with the theoretical value (Fig. 4 (a)). A small increase in 4. was observed as the
amount of carbon ink increased (Fig. 4 (b)). The absolute /. values vary between 8 and 12
cm™', which lies within the variation range 5 to 15 cm” reported for human breast tissue [21].
These results indicate that the six-wavelength TD-DOS system provides a sufficient dynamic
range for investigations of human breast tissue whose absorption coefficient ranges from 0 to
0.3 cm™' in the near-infrared region [1, 32].
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Fig. 4. (a) Absorption and (b) reduced scattering coefficients obtained from the liquid
phantoms.
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3.2 Evaluation of the solid tissue phantoms

The characteristics of six solid phantoms with water-to-lipid ratios of 99:1, 80:20, 60:40,
40:60, 20:80, and 5:95 are shown in Fig. 5. All phantoms were solidified with coagulants (see
Section 2.3) and could be cut out easily without losing their shape. Photographs of the cut
sections show that the phantoms are homogeneous. The lipid content (volume fraction) of
each phantom was measured using MRI for different depths underneath the planar phantom
surface. ImagelJ/Fiji software was used to determine an average value within a 1 cm wide ROI
in the center of the respective cross-sectional area for each depth value [36]. The depth
dependence of the lipid content shown in Fig. 6 demonstrates the homogeneity of the
phantom.

Water/Lipid 99:1 60:40 40:60
Type of e -in-oi
emulsion Oil-in-water (O/W) Water-in-oil (W/0)
Water Distilled water
Soybean oil
-g Lipid (200 g/l in Soybean oil
D Intralipos® 20%)
3
= Egg lecithin
£ | Emulsifier (12 g/lin Soybean lecithin (1wt% of soybean oil)
Intralipos® 20%)
Coagulant Agar Oil solidifying agent
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w
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[%
e
=)
9 | Cut section
2
o
MRI

Fig. 5. Characteristics of the solid tissue phantoms.
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Fig. 6. Lipid content (volume fraction) in the solid tissue phantoms as obtained from MRI data
for different depths underneath the planar phantom surface. At each depth, only a 1 cm wide
ROI in the center of the respective cross-sectional area was analyzed.
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Figure 7 shows the 4, and 4, measured at each wavelength for the six phantoms. The
. values fell in the range from 5 to 15 cm™', which is the range reported for human breast
tissue [21]. Since all phantoms were made from water and lipids and no other chromophores
were added, the &, values at 762 nm, 802 nm, and 836 nm were quite low compared to the
value at the other three wavelengths, and the absolute changes in £, depending on the water-
to-lipid ratio were small at wavelengths from 762 nm to 908 nm. The influence of the relative
amount of water in the phantom can best be seen in the change in absorption at 976 nm. A
slight influence can also be discerned at 936 nm.

Figure 8 shows the water and lipid contents of the phantoms measured with the six-
wavelength TD-DOS system and MRI. The water and lipid volume fractions measured with
MRI were close to the expected values (based on the water-to-lipid mixing ratio used for
phantom preparation), which demonstrated that the phantoms could be successfully
manufactured with the desired water-to-lipid ratios. Although the results measured with the
TD-DOS system correlated well with the expected values, the slope and intercept of the
regression line were 0.89 and —0.99% for water and 0.84 and 8.39% for lipids, respectively.
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Fig. 7. (a) Absorption and (b) reduced scattering coefficients obtained by measuring six solid
tissue phantoms using the six-wavelength TD-DOS system.

(a) (b)

& g

§ 100 [y=0.97x+5.50 = 100 y=097x-2.03

s R?=1.00 o R?=1.00

o -

& 80 [y-089x-099 8 80 [y-084x+839

-] (= 5

R?=1.00 R?=0.99 g

£ w0 £ 60 g

[=] =

- 40 S a0

3 -

g A MRI 2 A MRI

- 20 = 20

@ @ TD-DOS o O TD-DOS

2 o0 a o0

® @

g 0 20 40 60 80 100 g 0 20 40 60 80 100

Theoretical water volume fraction (%) Theoretical lipid volume fraction (%)

Fig. 8. (a) Water and (b) lipid volume fractions measured with TD-DOS system and MRI on
solid tissue phantoms as a function of the corresponding theoretical volume fractions based on
the phantom preparation procedure.
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The measurements were carried out once a week for a period of two months to confirm
the long-term stability of the phantoms. Figure 9 shows the stability of the optical properties
and the water and lipid contents for the phantoms with water-to-lipid ratios of 80:20 and
40:60. The x4, and the water and lipid content remained almost constant during this period.
The £ of the phantoms changed with time, depending on the water-to-lipid ratio; 4. of the
phantoms with a higher percentage of water (water-to-lipid ratio of 99:1, 80:20, and 60:40)
increased moderately, whereas that of the phantoms with a higher percentage of lipids (water-
to-lipid ratio of 40:60 and 20:80) started to decrease strongly in a time-proportionally manner
after one month. For the 5:95 phantom, £ of the phantom was stable for two months, but oil
separation was visually observed after one month. For all phantoms, the maximum changes
ing,, 4, and water and lipid content within one month after preparation were 0.022 cm !,
2.1 em™', 5.9%, and 6.3%, respectively.
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Fig. 9. Long-term stability of (a) absorption coefficient, (b) reduced scattering coefficient, and
(c) water and lipid contents of the solid tissue phantoms with water-to-lipid ratios of 80:20
(left) and 40:60 (right). All measurement series started 1 day after phantom preparation.
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4. Discussion

4.1 Evaluation of the performance of the six-wavelength TD-DOS system using a
liquid phantom series

The six-wavelength TD-DOS system was developed with the perspective to quantitatively
measure water and lipid contents and hemoglobin concentrations in biological tissue. The
basic performance of the TD-DOS system was experimentally evaluated using a liquid
phantom made with D,O, lipid emulsion, and different amounts of carbon ink. By using D,O
instead of H,O, we were able to examine the accuracy of the system in the low absorption
region even at the wavelength 976 nm where H,O exhibits a strong absorption maximum. The
results showed a good correlation of the experimentally obtained (£, values with the

theoretical value and demonstrated that the TD-DOS system provides a wide dynamic range
and high measurement accuracy.

4.2 Preparation of the water/lipid phantoms

To further verify the TD-DOS system, we established a method to create solid phantoms with
various water-to-lipid ratios and scattering characteristics in the range of human breast tissue.
We devised three procedures to make a phantom, which differ depending on the phantom
water-to-lipid ratio. Procedures were developed for a phantom with a water-to-lipid ratio of
99:1, for phantoms with water-to-lipid ratios of 80:20 and 60:40, and for phantoms with
water-to-lipid ratios of 40:60, 20:80, and 5:95.

4.2.1 Comparison of different liquid emulsion preparation procedures for 40:60
emulsions

As a preparatory step, liquid emulsions with a water-to-lipid ratio of 40:60 (similar to human
breast tissue) were prepared with two different preparation procedures and compared. Oil and
water are normally immiscible, but an emulsion can be achieved with proper mixing and the
aid of emulsifiers (soybean lecithin in this part of the study). In general, there are two types of
emulsions: oil-in-water (O/W) and water-in-oil (W/O). The O/W emulsion is composed of
small droplets of oil dispersed in water, while the W/O emulsion is composed of small
droplets of water dispersed in oil. Different mixing processes may generate either O/W or
W/O emulsions, to some extent independently of the water-to-lipid ratio. For the O/W
emulsion, oil was added to the water in one step and mixed, while water was gradually added
to the oil and mixed for the W/O emulsion. The visual appearance of these two 40:60
emulsions differs significantly. The O/W emulsion was white in liquid form, while the W/O
emulsion was cream colored with a viscous texture. Measurements with the six-wavelength
TD-DOS system were performed for the two types of 40:60 emulsions. The reduced
scattering coefficient of the W/O emulsion at 908 nm was 10 cm™', which in the range of
human breast tissue, whereas the reduced scattering coefficient of the O/W emulsion at the
same wavelength was 57 cm™. Figure 10 shows microscopic images of the two types of
40:60 emulsions. The size and number of particles were different for each emulsion; the O/W
emulsion contained smaller particles with a higher density compared with the W/O emulsion.
This characteristic was also qualitatively consistent with the obtained reduced scattering
coefficients. After conducting a number of experiments, we decided to make phantoms with
water-to-lipid ratios of 40:60, 20:80, and 5:95 with the W/O preparation procedure, which
resulted in a better stability of the completed solid tissue phantoms. Although making all
phantoms consistently with the W/O preparation procedure would have been desirable, the
three emulsions with a higher percentage of water (99:1, 80:20 and 60:40) could not be
solidified with the oil-solidifying agent when prepared according to this procedure. For this
reason, the phantoms with water-to-lipid ratios of 99:1, 80:20, and 60:40 were made with the
O/W preparation procedure. The so-prepared emulsion were less stable, but could be
solidified.
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(a)

Fig. 10. 40:60 emulsions before solidification (a) O/W (200x magnification) and (b) W/O (100
x magnification).

4.2.2 Issues of liquid emulsion and solid phantom preparation for the 60:40 emulsion

As described in Section 2.3.2, the preparation procedure for the 60:40 emulsion had to be
slightly modified compared to the simpler procedure used for 80:20 emulsion. When
preparing the 60:40 emulsion in the same way as the 80:20 emulsion, the reduced scattering
coefficient of the resulting phantom was much higher than that of human breast tissue,
presumably due to a larger number of lipid emulsion particles in the 60:40 emulsion
compared to the 80:20 emulsion. Another issue was that the 60:40 emulsion did not solidify.

After several experiments, we achieved scattering properties in the range of human breast
tissue when we first added half of the final water mass as pure water until emulsified, then the
remaining agar mixture in a second step. Following this procedure, we were also able to
solidify the emulsion. This shows that the quality of a phantom depends both on applied
procedures and compounding ratios of each ingredient. In this context, it should also be
emphasized that it can be very helpful to determine the homogeneity of a phantom with MRI
non-destructively since it cannot be verified from outside.

4.2.3 Issues of liquid emulsion and solid phantom preparation for the 99:1 emulsion

It would have been more convenient to prepare this phantom directly with undiluted
Intralipos 20%. This emulsion is also very stable because it contains very small oil particles
(diameter 97 nm) [37]. However, 4, of undiluted Intralipos 20% was found to be as large as
80 cm 'at 908 nm, which renders this emulsion unsuitable for preparing phantoms
mimicking human breast tissue with much smaller £, values.

4.3 Evaluation of the solid tissue phantoms

The water and lipid volume fractions obtained with the TD-DOS system and MRI (see Fig. 8)
correlated with the expected theoretical volume fractions based on the phantom preparation
procedure. However, as the water content increased, the TD-DOS obtained water volume
fractions were slightly lower than the expected values (see Fig. 8). The spectral features of
water absorption depend on the water binding state and its temperature. It has been reported
that the absorption of bound water decreases above and below 970 nm relative to free water in
vivo [38], according to Fig.1 (b) in this reference. Since our phantoms were solidified with
coagulants, it can be assumed that they were in the bound water state. However, the free
water absorption spectrum was used as the extinction coefficient, € (1), for water to
determine the water volume fractions at each wavelength according to Eq. (3). This difference
might explain the underestimation of the water content. On the contrary, the water volume
fractions obtained from TD-DOS measurements on the liquid emulsions before solidification
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agreed well with the expected values based on the mixing procedure (data are not shown).
Beside the effect of solidification, the absorption coefficient of solidifying agents might be
higher than we expected even though we assumed that it is negligible. The optical parameters
and the water and lipid contents of all solid phantoms were stable for a minimum of one
month (see Fig. 9). Among these parameters, 4, and water and lipid contents were stable for
two months. The slight variations were confirmed in the optical parameters and the water and
lipid contents. There is a possibility that the variations were caused by the temperature change
inside the phantoms, though the phantoms were taken out from the refrigerator two hours
prior to testing. The 4. of all phantoms were stable for one month, and the measurement
error were less than 10% compared to the results measured on the first day. Since we
measured the center of each phantom only once at each time point, the error could be
improved by carrying out the measurement for several times. The changes in 4, were
confirmed for all phantoms after one month, and their trend was different depending on the
water-to-lipid ratio. The 4. of the phantoms with a low percentage of lipid (water-to-lipid
ratio of 99:1, 80:20 and 60:40) increased slightly after one month. We suppose that this
change was caused due to a little evaporation of water in the phantom. The 4, for the
phantoms with a high percentage of lipid (water-to-lipid ratio of 40:60 and 20:80) decreased
significantly after one month. This change is presumed to depend on the particle size of the
emulsion, which changed through the agglomeration and coalescence of dissociated water and
lipid particles. We could not confirm the change in 4 for the phantom with water-to-lipid
ratio of 5:95. However, the dissociation of the water and lipid was occurred on the surface of
the phantom.

There are some other issues that remain regarding the phantoms. The wavelength
dependence of the reduced scattering coefficient as in the case of human tissues [39] was
observed only for the phantom with water-to-lipid ratio of 99:1. We consider that it is caused
by the difference of the particle size in each emulsion. The emulsion of 1% Intralipos was
used for the phantom with water-to-lipid ratio of 99:1, and its particle size is 97 nm [37]. On
the contrary, the particle size of the emulsion used for other water/lipid phantoms was larger
than that of Intralipos. An example of the particle size of emulsion with water-to-lipid of
40:60 is shown in the Fig. 10(b). Since the wavelength dependence of the reduced scattering
coefficient based on Mie theory becomes weak as the particle size increases, it was not
observed or weak for water/lipid phantoms with water-to-lipid ratio of 80:20, 60:40, 40:60,
20:80, and 5:95 [40]. In this study, the amount of lecithin was fixed to 1 wt% of soybean oil.
We found that the reduced scattering coefficients can be adjusted by changing the quantity of
lecithin used and the emulsification temperature. In a future project we intend to study ways
to improve the wavelength dependence of the reduced scattering coefficients of the phantoms,
and processes to create them with the desired reduced scattering coefficients. Once this
method is established, there is potential to adjust the absorption coefficients by adding ink
and construct a phantom also mimicking tumors or cysts.

5. Conclusion

In this study, solid phantoms with controllable water-to-lipid ratios with long-term stability
and reduced scattering coefficients in the range of human breast tissue were successfully
made. For this purpose, different optimized protocols were devised for the preparation of
emulsions with different water-to-lipid ratios and for their subsequent solidification. As a
preparatory step, liquid emulsions with water-to-lipid ratio of 40:60 were made from distilled
water and a combination of soybean oil and soybean lecithin. Water-in-oil (W/O) and oil-in-
water (O/W) preparation procedures were compared in this case and resulted in different
reduced scattering coefficients. The obtained liquid emulsion was stable only for a few hours,
after which it gradually demulsified, accompanied by a change in optical properties. To
overcome this issue, solidifying coagulants were added to retain the emulsion stability over a
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prolonged period of time. We created a set of six solid phantoms consisting primarily of water
and lipid, then evaluated them with our six-wavelength TD-DOS system and MRI. The
obtained water-to-lipid volume fractions were close to the expected ones, which demonstrated
the suitability of the phantom. Moreover, it was confirmed that the optical parameters and the
water and lipid contents of the phantoms were stable for a minimum of one month. The
results demonstrated that the proposed solid phantom series can be a useful tool to evaluate
the performance and reproducibility of the NIRS system for measuring water and lipid
contents. We are planning to conduct a further study of our TD-DOS system with these stable
water/lipid phantoms to assess the system performance for monitoring chemotherapy effects
on breast cancer patients.
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